The high versatility of graphene has attracted significant attention in many areas of scientific research from electronics to physics and mechanics. One of the most intriguing utilisation of graphene remains however in nanomedicine and synthetic biology. In particular, the last decade has witnessed an exponential growth in the generation of novel candidate therapeutics of multiple biological activities based on graphene constructs with small molecules, such as anti-cancer drugs. In this Digest, we summarise the different synthetic strategies and routes available to fabricate these promising graphene conjugates and the opportunities for the design of multi-functional tools for synthetic biology that they offer.
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Introduction:
The landscape for discovering and developing drugs is evolving at an increasing pace as the direction for new diagnostic and therapeutic strategies heads towards personalised medicine. Personalised medicine aims at improving healthcare by integrating early detection of disease, preventive medicine, rational drug discovery and development, and monitoring of therapy. 1 Since the early 1970s, the use of nanotechnologies in general seems to have refashioned the pharmaceutical and drug delivery field and in particular the administration of medicines. Prior the use of 'nanomedicines' that is the development of nanomaterials containing medicines, it was inconceivable to administer a dispersion of solid particles by the route of intravenous injection considering the high risk of embolism. Nowadays, nanoparticles and nanomaterials have allowed the improvement of solubility, therapeutic activity and reduction of toxicity by increasing uptake to target sites and changing pharmacokinetic profiles of many traditional drugs. The design and production of these sophisticated nanoscale vectors has generated a fundamental technological and medical breakthrough, allowing the progression over many milestones in pharmaceutical development. Despite the astonishing progress made in the development of disease-targeted nanoparticles, much effort is still needed in the design and engineering of more efficient and safer materials for enhanced targeting and delivery of drugs for which there are no effective delivery systems. In addition, the creation of multifunctional nanomaterials combining for example an imaging and a therapeutic agent (theranostic agent) or different therapeutic agents with complementary biological targets would certainly be the next challenging step in nanomedicine development towards personalised patient medicine. 2 To date, many types of nanomaterials have been engineered for developing multifunctional platforms that can fulfil many tasks in cancer therapy and diagnosis and in synthetic biology. 3 The discovery of graphene in 2004 has generated significant interest in many areas of scientific research and has opened up a plethora of potential applications of its exciting properties encompassing various areas such as solar cells, transistors, super-capacitors, and memory devices. [4] [5] [6] [7] Graphene is a single atom thick and a two dimensional arrangement of conjugated sp 2 carbons in a honeycomb structure. 8 Thanks to its unique properties such as an enhanced electrical and thermal conductivity, high charge carrier concentration and mobility, optical transparency, and mechanical strength, graphene is expected to reform the world of digital technology in a similar way as silicon has transformed the field of electronics. The high surface to volume ratio and the great chemical versatility of graphene make this exclusive material an ideal candidate for the development of a new generation of nanomedicines with applications encompassing the detection of biomarkers to imaging and cancer therapy. To date, the exploitation of graphene properties for biomedical applications remains at its infancy. Could graphene bring solutions to the challenges faced by the current nanomedicines and offer an efficient platform for theranostics and synthetic biology? Without major breakthrough, the answer to this question is no. Graphene, in its unmodified state, suffers from one major drawback for its potential use in biomedical applications. The physical handling of graphene sheets is very delicate as it is not dispersible in aqueous conditions and most organic solvents. 9 Graphene tends to form irreversible aggregates or to restack by van der Waals interactions and p-p stacking. As a result, the conjugation of graphene with therapeutically active molecules or active biological components is extremely challenging. Chemical functionalisation of graphene sheets may be one way to address these concerns. The hydrophobic character of graphene can be altered by the nature of the molecules and the extent of chemical functionalisation on the graphene sheets, improving the biocompatibility of this material. Graphene oxide (GO), the 'hydrophilic derivative' of graphene has attracted significant attention for its enhanced aqueous dispersibility and colloidal stability over other carbon-based nanomaterials. GO preparation from the Hummers method is now common knowledge and is currently widely explored for the development of nanomedicines.
In this brief review, we aim at providing a general coverage of all the chemical functionalisation routes and strategies employed for the fabrication of these bioactive molecule/graphene conjugates and the opportunities for the design of multi-functional tools for synthetic biology that they offer 10 (Scheme 1). In a first part of this Digest, the conjugation of bioactive molecules onto 'pristine' graphene platforms will be presented and in a second part, the addition of molecules using the chemical modification of GO will be discussed.
Conjugation reactions of bioactive molecules onto graphene: Two main synthetic routes are available to covalently attach molecules onto graphene platforms the first one is by using pristine graphene, or reduced graphene oxide (rGO), the second involving chemical modification of graphene oxide (GO). In this paragraph, the possibilities of chemical conjugation of molecules onto pristine graphene including rGO are described.
The most popular route to prepare graphene solutions is through graphite exfoliation in organic solvent by continuous sonication. This method, which is very attractive due to its simplicity, relies on the fact that strong interactions between carefully selected organic solvents and the layers can overcome the Van der Waals interlayer forces involved in graphite and result in graphene single layer formation. 9 To date, graphene layers can be characterised using several techniques such as electron microscopy and Raman spectroscopy that provide useful information on the structure and morphology of graphene sheets and allows an accurate evaluation of the sp 2 carbon network integrity following graphene preparation process (Fig. 1) atom network remain the cycloaddition through the formation of aziridine adducts and the 1,3-dipolar cycloaddition. The insertion of an aziridine moiety onto graphene occurs via the formation of a nitrene intermediate, which is structurally related to a carbene molecule. This nitrene intermediate is generally obtained through thermal or photo-decomposition of an azide group and is subsequently conjugated to the sp 2 carbon atoms of graphene via a cycloaddition mechanism (Fig. 2 ). Using this reaction, Strom et al. described the conjugation of graphene layers with a modified phenylalanine. 15 In this work, Phe was modified with an azido group in para position of the phenyl ring prior coupling with the graphene through nitrene addition. The final construct was characterised using standard techniques such as thermo-gravmetric analysis (TGA) and an elemental analysis (XPS), demonstrating high functionalisation with one Phe moiety per 13 carbons. Adding sequences of amino acids onto graphene layers can be advantageous for improving water solubility and biocompatibility of graphene. Moreover, amino acid/graphene conjugates can serve as efficient platforms for the fabrication of novel therapeutic agents as peptide sequences can be cleaved specifically by enzymes accessible in cancer cells, facilitating drug targeting and delivery. This strategy was explored previously with multiwalled carbon nanotubes to deliver methotrexate to breast cancer cells MCF-7.
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The 1,3-dipolar cycloaddition of azomethine ylides has been widely applied to functionalise fullerenes and this chemical functionalisation of graphene towards a five-atom ring occurs through a six-electron cycloaddition between a 1,3-dipole and a dipolarophile (graphene) (Fig. 3 A) . 17 This reaction was used to incorporate porphyrin molecules (TTP) onto graphene layers. 18 Graphene-TTP constructs were prepared and the presence of porphyrin moieties were confirmed by UV-vis spectroscopy and XPS with a relatively high loading estimated at one TTP group per 235 carbon atoms.
Porphyrins are very attractive aromatic molecules as they display exceptional optical and electronic properties and have been used in nanomedicine as imaging agents for tumour detection. Due to their ability to generate singlet oxygen upon radiation porphyrin nanocomposites are being explored for photodynamic therapy. 19, 20 Quintana et al. reported the attachment of gold nanorods onto graphene using the 1,3-dipolar cycloaddition of azomethine ylides. The inserted amino groups selectively bound to gold nanorods, allowing to highlight the active sites created onto the graphene sheets. 21 These gold nanorod graphene constructs are very versatile platforms and could achieve a variety of biological tasks as drug carriers, photothermal agents, imaging agents and radio-sensitizers (Fig. 3 B) . Free radical additions. Free radical additions for functionalisation of carbon materials has attracted significant interest due to the possibilities of using green chemistry and working in aqueous media. Free radical additions are mainly achieved by both photo-thermal and photochemical processes and are now utilised for functionalising graphene layers to induce band gap opening and to alter graphene solubility. 22, 23 The most common approach employed for conjugating molecules onto graphene is by using aryl diazonium salts. In this reaction, graphene acts as an electron transfer agent that donates an electron to the aryl diazonium ion to form subsequently a radical species following the elimination of N 2 24 (Fig. 4 A) . Wei et al. covalently attached to rGO polyethyleneimine (PEI) and folic acid (FA) to specifically target CBRH7919 cancer cells using aryl diazonium salt approach. 25 The functionalised graphene was designed to deliver chemotherapeutic drugs such as Doxorubicin (DOX) and elsinochrome A (EA), which molecules were tied to graphene backbone via p-p stacking. The introduction of FA and PEI to graphene sheets was initially achieved by forming diazonium ions through the diazotisation of p-aminobenzoic acid. Following the coupling with ramified polymer, FA was subsequently added to the amino groups of PEI to form amide bonds (Fig. 4 B i) . The chemical functionalisation of rGO sheets with p-aminobenzoic acid was characterised with TEM, FTIR and Raman spectroscopy (Fig. 4 B ii, iii, iv). EA and DOX loading onto the graphene constructs were calculated to be around 46% and 29% for EA and DOX, respectively. Cell internalisation of the graphene constructs was examined by confocal laser scanning microscopy (CLSM) and the images revealed a good cell uptake. Moreover, it was demonstrated that these constructs could effectively enhance the apoptosis of liver cancer cells and increase the sensitivity of these cells towards drugs and radiation ( Fig. 4 B v, vi) . However, cell toxicity was induced by the graphene conjugates in the absence of the drugs above the concentration of 12 lg/ml. This could be a serious limitation for translating this delivery system pre-clinically. The other synthetic route to covalently attach molecules via free radical addition is using peroxides. Peroxides are a common source of radicals, which are formed under photochemical treatment. Covalent grafting of polyacrylic acid (PAA) and fluorescein o-methacrylate (FMA) onto rGO was reported by Gollavelli and Ling using benzoyl peroxide under microwave irradiation 26 ( Fig. 5 A, B) . These constructs were designed for the generation of promising markers for in vitro and in vivo imaging. In this Letter, GO was converted into 'magnetic' graphene (MG) using in situ microwave assisted reduction and subsequent magnetisation with adsorbing metallic iron nanoparticles prior the covalent addition of PAA and FMA molecules. The presence of the metallic nanoparticles onto the sp 2 carbon atom network was confirmed by TEM and AFM (Fig. 5 C, D) , while the saturation magnetisation of MG was measured indicating superparamagnetic properties of MG sheets. The in vitro and in vivo fluorescence of the multifunctional graphene (MFG) was demonstrated in HeLa cells and zebrafish, respectively (Fig. 5 E, F) . The constructs resulted biocompatible and resistant to degradation in the lysosomal compatements. These sophisticated constructs due to the presence of the metallic iron nanoparticles are very versatile and could be exploited for Magnetic Resonance Imaging (MRI), magnetically guided drug/ gene delivery and photothermal/photodynamic therapy, simultaneously serving several tasks. Electrophilic additions. The electron rich nature of graphene allows the addition of molecules onto the carbon backbone by electrophilic substitution. Graphene sheets display high reactivity towards strong electrophilic molecules. To date, Friedel-Crafts acylation continues to be one of the widely used method to add an aryl ketone onto graphene platforms and has been successfully performed to introduce 4-aminobenzoic acid onto graphene layers. 27 The introduction of carboxylic acid moieties onto graphene was achieved via Friedel-Crafts by Chen et al. 28 to form stable dispersion of exfoliated graphene with grafted butyric acid (Gs-BA). These constructs were designed for developing electrochemical biosensors and in particular for the detection of glucose and choline. The authors demonstrated that this type of constructs combined with polyacrylic acid-benzoxazole (PAA-BO), a hydrogen peroxide sensitive probe, displayed higher sensitivity and response time than traditional biosensors making graphene hybrid materials a valuable platform for biosensors with higher capabilities. Conjugation reactions of bioactive molecules on graphene oxide. GO platforms have been widely exploited as starting materials for covalently attaching bioactive molecules, as GO individualised sheets can be obtained from bulk graphite with relatively high yields. There are different methods to prepare GO, however the most popular synthetic route remains the 'Hummers' method developed by Hummers and Offeman in the fifties. 29 GO sheets are highly functionalised with oxygenated groups such as hydroxyl, epoxide, ketone and carboxylic acid moieties resulting in remarkably stable dispersions in water and organic solvents. The structural differences and notably defects on graphene sp 2 carbon networks can be easily evidenced using Raman spectroscopy, where the disappearance of the 2D peak at 2700 cm À1 and the higher D peak at 1380 cm À1 than the G peak at 1576 cm À1 highlights the large presence of sp 3 carbon atoms on GO (Fig. 6 ). 30 The various oxygenated groups attached on GO layers, due to their difference in reactivity allow surface modification via numerous synthetic routes including electrophilic and nucleophilic substitutions, free radical addition and condensation reactions; however the most common routes employed for functionalising GO remain through nucleophilic and condensation reactions ( Table 2) . Condensation reactions. Condensation reactions are reactions during which two molecules are combined together, resulting in one single molecule. In case of graphene, this reaction occurs via the two reactive oxygenated groups present on the GO sheets such as the hydroxyl and carboxyl functionalities. The amidation reaction between an activated carboxyl group from GO and an amino group remains nevertheless the most popular reaction for introducing bioactive molecule onto GO platforms. Many groups have utilised this synthetic route to attach covalently molecules resulting in graphene conjugates for biomedical applications encompassing medical imaging and diagnosis, biosensors, and drug and gene delivery, as described in the next paragraph.
The introduction of biocompatible polymers using condensation reaction has been widely applied in order to develop graphene conjugates with improved solubility and biocompatibility. This strategy was used by Zhang et al. to engineer functional graphene sheets for investigating the biodistribution of biocompatible graphene conjugates. 31 In this work, the authors present the conjugation of GO sheets with dextran (DEX) by condensing the amino groups of DEX with the carboxylic groups of GO. The size of the GO conjugates was characterised by AFM and TEM and was found to be ranging from 50 to 100 nm compared to the lateral size of the GO sheets that was comprised between 100 and 500 nm, suggesting size reduction resulting from the DEX condensation reaction process. The DEX/GO conjugates demonstrated long lasting stability in aqueous media and mice serum and reduced cell toxicity compared to unfunctionalised GO sheets. Biodistribution studies were conducted in order to investigate the in vivo behaviour of these constructs by radiolabelling the DEX/GO sheets with radioactive 125 I. The graphene hybrids accumulated in the reticulo-endothelial system including liver and spleen after intravenous injection and demonstrated relatively long blood circulation times. In addition, the constructs were cleared from the animal body within a week from the injection without significant signs of toxicity.
Other functionalised GO constructs, fabricated through the formation of an amide group were reported for the development of therapeutic agents for drug or gene delivery by conjugating onto the graphene structure thioflavin-S (ThS). 32 This molecule is known to bind specifically to amyloid-b peptides forming the conjugate GO-ThS-Ab. This construct was designed for the treatment of Alzheimer's disease by photothermal therapy. Photothermal therapy is often presented as good alternative to the traditional chemotherapy and radiotherapy as it has demonstrated remarkably reduced side effects and improved selectivity with limited healthy tissue exposure to the treatment. 33 In this work, GO sheets were first treated with chloroacetic acid for converting the hydroxyl functions into carboxylic functions. The condensation between a hydroxyl group of GO and another electrophilic molecule such as chloroacetic acid has been extensively used for modifying GO surfaces as a synthetic step for covalently coupling bioactive molecules onto graphene layers. 34 This initial condensation reaction allows in fact the conversion of all the hydroxyl moieties of GO into carboxylic acid groups (Fig. 7A) . The resulting GO-COOH material was then converted into an amino functionalised GO by grafting diaminoethylene glycol by amidation reaction (Fig. 7B ). GO-ThS was then prepared by condensing the amino-modified GO groups with the ThS molecule, previously activated with SOCl 2 (Fig. 7C ). Each step of GO functionalisation was characterised by FTIR and TGA analysis that confirmed the addition of each molecule onto the graphene layers. AFM was used to demonstrate that the constructs were mainly formed of single and double graphene layers. The rationale behind the fabrication of these constructs was to inhibit the Ab aggregation and destabilise the pre-formed Ab fibrils that are sought to be a critical step in the pathogenesis in Alzheimer's disease. 35 Using NIR laser irradiation, the author demonstrated the possibility of remotely heating and dissociating amyloid aggregation. A similar strategy was developed by Yang et al. for the fabrication of EGFR conjugated PEGylated GO sheets for targeted chemotherapy and photothermal therapy. 36 After conversion of the hydroxyl moieties into carboxylic acids using sodium hydroxide, the modified GO-COOH was reacted with amino terminated PEG chains in order to obtain GO-CONH-PEG-NH 2 constructs. These constructs were then characterised with AFM, TGA and XPS demonstrating the successful functionalisation of GO sheets with amino terminated PEG chains via formation of NHS-esters followed by on GO. Following this step, the graphene conjugates were chemically functionalised with anti-EGFR antibody (C225) via a sulfosuccinimidyl 4-N-maleimidomethyl cyclohexane1-carboxylate (sulfo-SMCC) linker (Fig. 7C) . The loading of C225 onto the modified graphene GO-PEG-NH 2 sheets was determined by UV-vis analysis measuring the concentration of unbound C225. The constructs were designed to achieve multiple tasks such as targeting glioma cells and inhibit their propagation with the presence of anti-EGFR antibody, chemotherapeutic drug delivery with the release of Epirubicin (EPI) non-covalently attached (p-p stacking) onto the functionalised graphene sheets, and photo-irradiation to burn residual tumour cells. Sun et al. reported the conjugation of PEG functionalised GO with Rituxan, a B-cell lymphoma specific antibody. 34 The conjugation was aiming at generating individualised GO sheets with high solubility in water and compatible in biological environments. GO was initially treated with chloroacetic acid, converting the hydroxyl functionalities into carboxylic acids. Subsequently, the modified GO sheets were functionalised with PEG by condensing PEG-NH 2 onto the carboxylic groups of the graphene material. The resulting PEG functionalised GO (PEG/GO) displayed stable dispersions in aqueous media and serum, without agglomeration of the GO layers. Thiolated Rituxan was covalently attached to the amine groups of PEG/GO via a sulfosuccinimidyl 4-N-maleimidomethyl cyclohexane1-carboxylate (sulfo-SMCC) linker. Using the intrinsic photoluminescence properties of GO, these constructs were designed for cellular imaging and drug delivery. GO hybrids were able to bind selectively to B-cell membrane, discriminating T-cell binding and were detectable by NIR photoluminescence imaging. The release of non-covalently bound DOX from these constructs to B-cells was also described, indicating the potential of selective killing of cancer cells in vitro using multifunctional functionalised graphene. Zhang et al. reported the functionalisation of GO sheets with folic acid (FA-GO) with the aim of fabricating efficient nanovectors for targeted drug delivery. 37 The GO sheets were initially treated in order to convert all hydroxyl moieties into carboxylic acid groups. Folic acid was subsequently attached to the graphene material through diimide activated amidation. Two anticancer drugs, doxorubicin (DOX) and camptothecin (CPT) were loaded onto the FA-GO constructs by p-p stacking onto the sp 2 carbon network, controlling accurately the ratio between the two adducts. The DOX/CPT loaded FA-GO sheets demonstrated specific targeting to MCF-7 breast cancer cells and greater cytotoxicity, outperforming the non FA functionalised GO sheets loaded with both anticancer drugs. These multifunctional graphene constructs offer the opportunity of specifically deliver different drugs with complementary biological tasks allowing an enhanced therapeutic efficacy. Esterification reactions, which are condensation reactions involving a molecule displaying a carboxylic acid group and another molecule with a hydroxyl group, have been used to attach bioactive molecules onto GO platforms (Fig. 8) . Yang et al. developed a nanosized magnetic PEG functionalised GO drug carrier that can transport and deliver Epirubicin (EPI) to the target site by magnetic dragging. 38 EPI is known to be an anthracycline drug that intercalate into DNA and RNA, inhibiting DNA synthesis inducing cell apoptosis. The release of EPI was activated by low power focus ultrasound (FUS), resulting in deep-seated targeted hyperthermia and drug delivery. GO sheets were initially conjugated with PEG molecules via amino/carboxylic acid condensation reaciton. EPI was then covalently attached to the GO constructs by esterification with the end carboxylic group of carboxylated PEG chains. The functionalisation of the GO sheets was characterised and confirmed by FTIR and XPS, and the lateral size was determined by TEM ranging from 120 to 150 nm (Fig. 8 a, b, c) . The constructs were successfully designed as multifunctional nanocarriers with higher capabilities including superior heat absorption resulting in highly effective hyperthermia, high drug loading, specific targeting capability, molecular imaging ( Fig. 8 d, e, f) . Another example of GO functionalisation with a bioactive molecule by condensation reaction onto graphene carboxyl moieties was reported by Xu et al., where the introduction of b-cyclodextrin onto GO platform was described. 39 b-cyclodextrin functionalised GO was prepared by condensing hydroxypropyl-b-cyclodextrin (HPCD) with thionyl chloride modified GO sheets. GO sheets were initially treated with thionyl chloride SOCl 2 in order to convert the carboxylic acid functionalities into acyl chloride groups, resulting in the graphene conjugate GO-COCl. The conjugation between HPCD and GO-COCl was characterised with AFM, FTIR and UV-vis spectroscopy that indicated the presence of HPCD functional groups onto the constructs. Raman spectroscopy confirmed the covalent addition of b-cyclodextrin by the increase in the D/G band ratio, characteristics of relative disorder in the graphitic sp 2 carbon network. The constructs were successfully designed for the development of biosensors with higher sensitivity and detection power for haemoglobin. Nucleophilic substitutions. Nucleophilic reactions using the hydroxyl moieties on GO sheets have been explored to functionalise graphene-based nanomaterials and develop new nanomedicines. Pham et al. exploited the nucleophilic character of hydroxyl moieties of GO to introduce polyglycerol. 40 GO was initially treated with potassium methoxide in methanol to activate the hydroxyl functions and then mixed together with glycidol resulting in polyglycerol modified graphene conjugates PG/GO. Subsequently magnetic nanoparticles were covalently introduced on the surface of the PG/ GO sheets via boron-ester bond. The characterisation of the graphene constructs was thoroughly performed using standard techniques and suggested high functionalisation of the GO sheets and the saturation magnetisation was measured and revealed the character super paramagnetic of these constructs. These magnetic graphene conjugates could be used as photodynamic agents. Electrophilic substitutions. Introduction of bioactive molecules via electrophilic substitutions occur through the epoxide moieties of GO, resulting in the opening of the epoxide ring. Peng et al. utilised this strategic route to covalently attach oleylamine onto GO platform for the generation of magnetic nanoparticle decorated GO as new contrast agents for MRI. 41 Subsequently to the addition of oleylamine, magnetic iron oxide nanoparticles could be conjugated to the amphiphilic oleylamine/GO construct by non-covalent interactions. The functionalised GO sheets were characterised by FTIR spectroscopy and electron microscopy, confirming the successful attachment of oleylamine. The size of the resulting magnetic GO sheets could be tuned by adjusting the ultrasonication time and magnetic GO sheets as small as 56 nm could be obtained. In order to improve the colloidal stability of the graphene constructs in physiological environment, the magnetic GO were further functionalised with PEG. These constructs were found to display MR contrast efficiency in T 2 weighted images. In addition, the contructs could generate heat upon exposure to an alternating magnetic field making them promising candidates for hyperthermia treatments. Future perspective of graphene platforms in nanomedicine. In this review, we have covered the different synthetic routes that have been used over the past few years for attaching bioactive molecules onto graphene-based nanomaterials. The high chemical versatility of graphene, GO and rGO allows the conjugation of a vast variety of small molecules, macromolecules, and bioactive agents, bringing promising biomedical opportunities to graphene platforms. Naturally, more needs to be done in the chemical functionalisation of graphene and in particular developing new methodologies to reduce possible chemisorbed and physisorbed reagents and/or contaminants. The success of this niche will pave the way to the development of novel multifunctional nanomedicines with higher efficiency and capabilities making closer to a reality the development of personalised medicines. Figure 7 . Bioactive molecule conjugation onto GO layers via amide formation; (A) conversion of the hydroxyl moieties of GO into carboxylic acids using chloroacetyl acid; (B) schematic of amide bond formation between carboxylic and amine groups; (C) addition of bioactive molecule onto GO via amide formation using (EDH, NHS) and Sulfo-SMCC.
